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University of Ottawa – Stavros Tavoularis  CRD  

CRD Title: Experimental and Computational Studies of Two-Phase 
Flows in Nuclear Reactor Systems 
 
 
Overview 
 
The objective of this project is to apply, and further develop, available 
experimental and computational fluid dynamics (CFD) methods to the 
study of two-phase flow characteristics in header-feeder systems of 
the type used in CANDU nuclear power plants.  The main 
experimental tasks are: i) to modify an existing air-water flow loop by 
the addition of a versatile header/feeder model, in which different 
combinations of active inlet turrets and active feeders can be selected;  
ii) to assemble a database of measurements of gas and liquid flow 
rates in the feeder tubes of this model, while also documenting the 
turret inlet conditions and the flow patterns inside the header; and iii) 
to assess the effect of flow obstructions inside feeder tubes on the gas and liquid flow rates.  
The main task of the computational analysis is to perform CFD simulations of air-water flows at 
the same inlet flow conditions and in the same geometries as those of the experiments and to 
compare the simulation results to the measurements to verify the applicability of CFD as a tool 
for two-phase flow simulation at conditions and geometries of interest to nuclear safety analysis. 
The proposed experimental and numerical investigations will be conducted using state-of-the-art 
tools and will advance the technical capabilities of nuclear reactor designers and safety 
analysts. They are in direct support of the CNL air-water header facility tests. The following 
sections outline progress achieved during 2014.  
 
 
Research Facility 
 
 A Modular Header Facility was commissioned in Summer 2014 at the University of Ottawa 
Fluid Mechanics Laboratory (Figure 1). The main component of the facility is a 203 mm I.D. 
horizontal cylindrical header made of black-anodized aluminium. The header has two inlet 
turrets, with inner diameters of 32.5 mm and 154 mm, respectively. The larger turret may be 
capped with a clear acrylic cover, thus permitting visual observation of the header interior. Two 
additional observation ports made of clear acrylic were installed at either end of the header. 
Twenty feeder ports with end flanges were arranged in axially equidistant groups of four banks. 
Each bank consists of five feeder ports, which are connected to the header at three angles of 
inclination; two ports are horizontal and across from each other, two ports are inclined at 45° 
below horizontal and one port is vertical, pointing downwards. The header is described as 
modular, as it permits any combination of feeder ports to be connected to active feeders during 
an experiment, while the remaining ports are blocked by solid plugs made of polyvinyl chloride 
(PVC),  up to the inside diameter of the header body. The feeders are tubes made of clear PVC 
with an inside diameter of 32.5 mm. The active feeders are attached to the feeder ports using 
standard flanges. Beside the header and feeders, the facility comprises a stainless steel water 
tank, a centrifugal pump and a 32.5 mm I.D. clear PVC inlet line. This facility complements the 
existing air-water flow loop at the University of Ottawa, which was designed and constructed as 
part of a previous UNENE CRD grant. These two facilities are being used for the collection of 
measurements in air-water flows in numerous experimental configurations that contribute to our 
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understanding and predictive capabilities of gas-liquid flows and are of interest in nuclear safety 
analysis. Past and ongoing experiments have been conducted in different header-feeder 
combinations, as well as in horizontal, vertical upward and vertical downward air-water pipe 
flows in all two-phase flow regimes of interest. 
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Figure 1.  Three-dimensional view of the modular header (top) and schematic diagram of 
modular header facility (bottom). All dimensions are in mm. 



UNENE ANNUAL REPORT 2014        83 

 
 

CFD Laboratory: The principal investigator’s CFD laboratory currently comprises four multi-
processor servers and two workstation clusters having a total of approximately 300 threads for 
parallel processing with 600 GB RAM and 6 high-end multiprocessor personal computers for 
data pre- and post-processing. The applicant maintains licenses of several commercial CFD 
packages with multi-phase simulation capabilities. In addition, the team makes use of the large-
scale, shared computing facilities of HPCVL (High Performance Computing Virtual Laboratory) 
and RQCHP (Réseau québécois de calcul de haute performance). 
 
Experimental results: The study of two-phase flow in header-
feeder systems requires the simultaneous collection of 
measurements in a large number of feeder pipes. In the past 
year, we have used the uOttawa air-water flow loop to 
develop novel experimental techniques for the identification 
of the flow pattern and measurement of the flow rates of both 
phases in gas-liquid pipe flows. These methods were 
automated, non-intrusive and economical, so that their use 
would be feasible in industrial as well as laboratory settings. 
To meet these conditions, we followed an inter-disciplinary 
approach that combined the use of classical single-phase 
flow instrumentation, signal analysis and machine learning. In 
a paper published in the International Journal of Multiphase 
Flow, we demonstrated that the probability density function of 
the normalized differential pressure measured using a 
differential pressure transducer is indicative of the flow 
pattern in vertical upward air-water pipe flow. Using non-
linear dimensionality reduction (the Elastic Maps Algorithm), 
it was possible to automate the process of identifying the flow 
pattern from the differential pressure signal (Figure 2). In 
another International Journal of Multiphase Flow paper, we 
established the relationship between the probability density 
function and the power spectral density of normalized 
differential pressure with the gas and liquid flow rates in air-
water pipe flow and proposed a machine learning algorithm 
for the estimation of the phase flow rates from these 
properties. Innovative measurement methods were also 
applied with more specialized instrumentation, namely the 
wire-mesh sensor, a commercially available instrument 
designed for tomographic imaging of two-phase flows. We 
developed methods that allowed flow pattern identification 
and flow rate measurement from the signals of this device; 
methods that could potentially be applied in the CNL header 
test facility.  The successful application of machine learning 
algorithms (Independent Component Analysis and Artificial 
Neural Networks) with wire-mesh sensors was presented in a 
manuscript that was published in Measurement Science and 
Technology.  
 
The most important advantage of the experimental methods 
using machine learning that were presented in the previously 
cited articles is their scalability, which means that they can be 
deployed effectively and at a relatively low cost in 

Figure 2.  Elastic map procedure 
for flow pattern identification. 
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complicated industrial or laboratory installations. We further developed and used similar 
techniques to measure the two-phase flow distribution in the downward feeders of the University 
of Ottawa modular header facility. The purpose of this study was to investigate the flow 
distribution among the feeders of a header-feeder system; an uneven distribution of liquid flow 
during postulated accident scenarios may introduce safety concerns. The utilization of an inter-
disciplinary measurement approach, involving machine learning algorithms applied to turbine 
meter and pressure transducer signals, allowed a large number of measurements to be 
effectively collected in a short amount of time. Analysis of these results elucidated some of the 
factors that affect the flow distribution in header-feeder systems. The flow patterns in the header 
and near the feeder inlets were observed visually and were found to depend on the overall gas 
and liquid flow rates as well as the number and locations of active feeders. The two-phase flow 
distributions in the feeders were also found to be correlated with the flow patterns in the header 
(Figure 3). In particular, when an active feeder was located across the inlet turret, it carried most 
of the liquid and gas, especially at low overall gas flow rates. At relatively large gas and liquid 
flow rates, the feeder that was farthest away from the turret and near the header wall carried a 
larger amount of liquid than intermediate feeders, whose inlets were exposed to strong cross-
flows over them. This work is the subject of a manuscript which has been recently submitted to 
Nuclear Engineering and Design. Future experiments planned in the Modular Header facility will 
be aimed at studying the effect of different feeder orientations on the two-phase flow 
distribution, as well as assessing the effect of flow obstructions inside the feeder tubes on the 
gas and liquid flow distribution. 

 
Figure 3. Left: Cross-section view of a header showing the instantaneous flow pattern obtained 
from a numerical simulation using the Volume of Fluid method. Right: Flow mechanisms into 
feeders from the modular header: (a) vortex-induced flow and (b) vortex-free flow. 
 
Computational work: Following an extensive literature review of experimental and computational 
studies of gas-liquid flows in pipes, we have evaluated the performance of available CFD codes 
and models.  After testing two commercial codes, CFX 12.1 and FLUENT 12.1, and the open 
source code OpenFOAM 2.1, it was decided to use OpenFOAM, which is scalable and suitable 
for parallel processing, permits convenient modifications of its existing models and incorporation 
of new ones, and can be run, without licensing fees, on our multi-processor computer servers 
and clusters, as well as on the two Canadian computer networks that we are using currently. An 
emerging need in industry is the development of best practice guidelines for two-phase flow 
simulations, similar to those that already exist for single phase flow simulations. To identify the 
most suitable interfacial force parameters, simulations with different combinations of interfacial 
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forces were performed to find the one most suited to horizontal gas-liquid flows. Unfortunately, it 
was found that while a set of models and coefficients could work well for one flow case, it could 
not be generalized to other flows at different flow rates. Hence, in the near future, a new Ph.D. 
student will attempt to develop interfacial force models that are insensitive to flow rate or 
alternatively, to modify existing models such that the effect of flow rate is taken into account in 
their variable coefficients. Other ongoing numerical work includes simulations of the two-phase 
flow in one of the configurations in the Modular Header Facility, for which experimental data 
have been collected. Additionally, numerical simulations are being carried out to study more 
fundamental two-phase flows, particularly, the flow of Taylor bubbles in stagnant liquid columns. 
The objective of this study is to shed light on the turbulence and heat transfer characteristics of 
two-phase slug flow. 
 
 
Current HQP 
 
The following persons have been engaged in this project. 

• Hassan Shaban, Ph.D. student (full-time): Experiments and numerical simulations of 
two-phase flows in pipes and in header-feeder systems, application of machine learning 
methods in the study of two-phase flows.  

• Harun Oria, Ph.D. student (full-time, starts January 2015): Experiments and numerical 
simulations of two-phase flows. 

• Dr. Dongil Chang, Research Associate (part-time): Numerical simulations of two-phase 
flows. 

• Etienne Lessard, M.A.Sc. student (completed 2013): Measurement of two-phase flow in 
horizontal pipes with wire-mesh sensors. Current employer: Canadian Nuclear 
Laboratories (CNL). 

• Dr. Yuan Liu, Research Assistant (completed 2011): Evaluation of CFD methods for two-
phase flows. Current employer: Life Prediction Technologies Inc. (LPTi); CFD 
simulations of gas turbine engines. 
 

 
Interactions / Consultations with Industry 
 
The University of Ottawa team is in close contact with CNL staff, particularly Mr. Jun Yang, 
Thermalhydraulics Development Branch, having frequent discussions concerning research 
plans and priorities. In the past year, CNL has provided us with six wire mesh sensors and 
associated hardware and software. 
  
Anticipated Benefits to Industry 

The proposed research program aims at producing original measurements and numerical 
simulations that will enhance the information and tools available to CNL engineers for analyzing 
the operation and safety of CANDU header systems. In the short term, the results of the project 
will be used to support the two-phase flow measurements in the header test facility at CNL with 
wire-mesh sensors. In the longer term, the results will be used to assist CNL staff in performing 
CFD simulations of the header system and in developing constitutive relations for the two-fluid 
model to be included in CATHENA 4, the  next generation system thermalhydraulics code being 
developed by CNL. This grant will enable uOttawa to educate several students in nuclear 
reactor thermalhydraulics, thus providing the nuclear industry with a pool of prospective highly 
skilled research engineers to replace the currently retiring generation of such personnel, which 
were mostly hired approximately three decades ago. As most universities in Canada, USA and 
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elsewhere eliminated or drastically reduced their educational and research programs in Nuclear 
Engineering, graduates with this type of expertise are needed urgently. The students to receive 
doctorates through this program will also be eligible to pursue academic careers, thus 
strengthening the few existing Canadian academic programs in Nuclear Engineering and 
helping establish new ones. 
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